It has been reported that yeast cells accumulate ethanol against a concentration gradient. We initiated a study of the mechanism involved in this phenomenon. However, we found that this accumulation does not occur and that ethanol permeates the yeast cell plasma membrane by simple diffusion. The following evidence supports this conclusion. (i) Uptake and outflow of ethanol in yeast cells followed first-order kinetics and were insensitive to the presence of structural analogs of ethanol, to drastic pH changes, and to the action of reagents of amino and thiol groups. These results strongly suggest that ethanol permeates the yeast cell plasma membrane without involvement of any carrier, (ii) The outflow rate of ethanol seems greater than the ability of this organism to produce ethanol, indicating that intracellular accumulation of ethanol is not possible. (iii) The intracellular concentration of ethanol found was similar to the concentration in culture media in all tested conditions. With the available information, it is difficult to ascertain the reasons for the discrepancy between our results and those previously reported by other authors. However, the inadequacy of the cell-sampling procedure and of the chromatographic conditions used by those authors suggests that the discrepancy may be due to artifacts in the measurements of ethanol.
Several groups have reported that Saccharomyces cerevisiae accumulates ethanol against a concentration gradient during fermentation of sugars (1, (15) (16) (17) (18) (19) and that this accumulation is particularly important during early exponential growth (1, 18, 19) . This accumulation suggested that ethanol does not freely permeate the yeast plasma membrane. However, it has been demonstrated that plasma membranes of plants and animal cells are freely permeable to this compound (5, 21) . Therefore, accumulation of ethanol by yeast cells indicated important differences in permeability between this organism and other eucaryotic cells.
We initiated this work in an effort to elucidate the mechanism(s) involved in the accumulation of ethanol by yeast cells as well as to study the characteristics of ethanol permeation in this organism. However we have found that, as is the case in other biological membranes, ethanol permeates the yeast cell plasma membrane by simple diffusion at any stage of growth. Although, with the available information, the reasons for the discrepancy between our findings and those reported by other authors are difficult to assess, the inadequacy of the cell-sampling procedure and of the chromatographic conditions used by these authors suggests that the discrepancy may be due to artifacts in the measurements of ethanol. Strains. Two different strains of S. cerevisiae were used: ATCC 42407, and ACA 174 isolated from the must of an Andalusian winery by J. A. Casas, Sevilla. The latter strain was chosen because of its ability to ferment in the presence of as much as 18% ethanol (2). * Corresponding author.
Media and culture conditions. The cells were grown aerobically in rich medium containing 1% yeast extract and 2% peptone, with 2 or 20% glucose as the carbon source. Flasks (2.5 liters) containing 250 ml of medium and stoppered with cotton plugs were incubated at 30°C in a gyratory shaker at 250 rpm.
Cell growth. Cell growth was followed by measuring optical densities at 640 nm in a Hitachi spectrophotometer or by determining dry weight.
Sampling of yeast cells and determination of ethanol. The rapid sampling method of Saez and Lagunas without washing of the cells was used (20) . Samples of the cultures corresponding to 25 mg of yeast cells (dry weight) were filtered in vacuum through micropore filters (pore size, 0.45 ,um; diameter, 47 mm; Millipore Corp.). The yeast pellicle was immediately gathered by means of a spatula and immersed in liquid nitrogen. Since some yeast cells remained on the filter, a correction factor was calculated by washing the filter with water and measuring the optical density of the resulting suspension against a calibrated curve. This correction factor oscillates between 2 and 7%. The gathered yeast cells were mixed with 3 ml of 3 M HC104 and 0.4 ml of 0.4 M Tris in a mortar previously cooled with liquid nitrogen. The mixture was ground to a powder in the presence of liquid nitrogen, transferred to a test tube, and kept for 30 min at -10°C with frequent, vigorous shaking. The resulting liquid was frozen in liquid nitrogen and then allowed to thaw. This process was repeated twice to liberate quantitatively the intracellular ethanol. The extract obtained was centrifuged in the cold for 10 min at 10,000 x g, and the supernatant was adjusted to pH 6.5 with 10 N KOH at 0°C. After 15 min at 0°C, the precipitated KC104 was centrifuged off. The supernatant was used for the determination of ethanol with alcohol dehydrogenase (3) and by gas chromatography. With both methods, standard curves with known concentrations of ethanol were run in parallel. When recovery of ethanol was checked, 5 pumol of ethanol was added to the yeast cake, The interstitial-plus-periplasmic volume was measured with 0.5 mM L-[U-14C]glucose (1 mCi/mmol), by a procedure similar to that described for the total volume. A control for the amount of L-glucose that permeated plasma membrane was run, in which cells were washed with 10 ml of chilled water after incubation with the radioactive sugar. The amount of sugar retained by the washed cells was 0.1% of the total sugar incorporated.
The intramembranous volume was calculated by subtract- Ci/mol) were added to the yeast suspension to reach the desired extracellular concentration. After incubation for S to 120 s at room temperature, the suspensions were filtered, the yeast cells were collected and immediately immersed in liquid nitrogen, and the radioactivity was counted as described above. Ethanol uptake was calculated from the radioactivity present in the cell pellicle. When ethanol uptake was measured in the presence of ethanol analogs, the washed cells were suspended in phosphate buffer (pH 7.0) in the presence of acetaldehyde, ethylene glycol, methanol, or propanol at 0.1 M final concentration. When ethanol uptake was measured in the presence of reagents of thiol groups, the washed cells were suspended in phosphate buffer (pH 7.0) in the presence of 10 mM iodoacetate or 10 ,uM p-hydroximercuribenzoate. When ethanol uptake was measured in the presence of reagents of amino groups, the cells were suspended in phosphate buffer (pH 8.5) in the presence of 20 mM dimethylsuberimidate. In this case, the cell suspensions were incubated for 1 h at room temperature before addition of [1-14C] ethanol. After incubation for 5 to 120 s at room temperature, the yeast cell suspensions were filtered, and the radioactivity of the cells was counted.
RESULTS

Validity of the methods used for ethanol measurements.
To ensure rigorous measurements of the intracellular concentration of ethanol, special care was taken to avoid changes due to manipulations of the samples or to artifacts in the analysis of this compound. For this purpose, a rapid sampling procedure which prevents changes in metabolic conditions of the cells was used (20) , followed by a treatment with perchloric acid in the presence of liquid nitrogen (see above). The validity of this procedure for extracting intracellular metabolites has already been demonstrated (20) . To establish the validity of ethanol measurements, an enzymatic as well as a chromatographic method was used (see above). In our experimental conditions, both methods were suitable since they gave similar results. Actually, the values of ethanol obtained with either of these methods differed by less than 10% (data not shown). To establish whether some loss of ethanol occurred during the extraction step, experiments of ethanol recovery were run by adding to the cells known amounts of this compound (see above). The results demonstrated that no losses occurred, since >95% of the ethanol added was recovered (data not shown).
Volume of the intramembranous space of yeast cells. For calculation of the intracellular concentration of metabolites which accumulate in the cells, the volume of the cellular intramembranous space must first be determined. Although data of this volume can be found in the literature (6) , it has been demonstrated that the volume of yeast cell intramembranous space changes with the culture conditions (1) . For this reason, we have measured the volume of this space at different stages of growth in our experimental conditions. In agreement with previous findings (1), we have found that in the two tested strains, this volume decreases as the age of the culture increases ( Table 1) .
Effect of different factors in ethanol uptake and outflow in yeast cells. Several criteria have been proposed to distinguish when the uptake of a compound occurs by simple diffusion and when it is facilitated by a carrier (21) . We have checked several of the criteria to establish which one of the two mechanisms applies in the case of ethanol uptake. The results can be summarized as follows. (i) Saturation kinetics of ethanol uptake could not be observed. In fact at any concentration of ethanol tested, from 5 ,uM to 0.1 M, firstorder kinetics apparently occurred, the intracellular-extracellular equilibrium of concentration being reached in less than 5 s (Table 2) . These results are in agreement with those of Loureiro and Ferreira (14) . (ii) Inhibition of ethanol uptake was not observed when structural analogs of this compound, such as acetaldehyde, ethylene glycol, methanol, or propanol, were present at a concentration 104 times greater than the concentration of ethanol. (iii) Protein inhibitors such as iodoacetate and p-hydroximercuribenzoate, two typical reagents for thiol groups, or dimethylsuberimidate, a typical reagent for amino groups, had no effect on ethanol uptake. (iv) pH changes in the range of 3 to 12 did not produce detectable changes in the uptake of this compound (negative results are not shown).
When ethanol outflow was studied instead of ethanol uptake, results similar to those described were obtained.
Also, in this case, intracellular-extracellular ethanol equilibrium was promptly reached (Table 3) , and no effects of treatment with structural analogs of ethanol, protein inhibitors, or pH changes were observed (negative results are not shown). It has been proposed that osmotic pressure of the culture medium may affect the rate of ethanol outflow in yeast cells (17) . We could not detect changes in this rate when osmotic pressure was increased up to 66 atm (ca. 6,685 (20) . Apparently, no special precautions to avoid these problems were taken in the sampling and the extraction procedures used in (1, (17) (18) (19) .
Furthermore, in the experiments described by Rose and coworkers (1, 18, 19) , chromatographic analysis were performed with crude extracts corresponding to 10 mg of yeast cells (dry weight) per ml. Extracts like these contain high concentrations of a great number of macromolecules (8, 13) and metabolic intermediates (7, 12, 20) . Possibly, in the presence of this complex mixture accurate measurements of small amounts of ethanol, such as those present during early exponential growth of yeast cells (see Fig. 1 ), would be difficult to obtain with the procedure used (1). Indeed, the chromatographic conditions used by Rose and co-workers (1, 18, 19) are far from being optimal for separation of ethanol from other metabolic products. Still more unfavorable analytical conditions were used in other reported experiments, in which yeast cell suspensions were directly injected into the chromatography column (16) . Unfortunately, chromatograms of the results of these experiments were not presented. It should be noted that with the extraction technique and the chromatographic procedure used in this work, accurate measurements of small amounts of ethanol were possible.
From the results presented here it can be concluded that ethanol permeates yeast plasma membrane by simple diffusion and that this diffusion occurs so rapidly that it does not allow detectable intracellular accumulation of this compound.
